We explored the relationship in chick embryos between somitogenesis and the onset of somite myogenesis by immunodetection of the muscle-specific intermediate filament protein desmin. Early somite desmin expression was detected by whole-mount in situ confocal microscopy. No detectable somite desmin was observed in embryos of 15 somites (Stage 12) or younger. In embryos having between 16 and 26 somites (Stages 12-15), desmin could be detected in somites positioned increasingly more caudal in the embryo. Finally, in embryos of 27 somites (Stage 16) and older, somite desmin expression was consistently present in all but the caudal-* Correspondence to: Donald E. Yorde, PhD, Medical College of Wisconsin, Dept. of Cellular Biology and Anatomy, 8701 Watertown Plank Rd., Milwaukee, WI 53226. most six somites. Although the rate of somite formation is fairly constant, the rate of observed somite desmin expression progressing caudally in the embryo is greater initially than the rate of segmentation. After an embryo has formed about 27 somites, the rate of desmin appearance paralleh the rate of segmentation at a distance of about six somites.
Introduction
Confocal microscopy affords the opportunity to examine and reconstruct three-dimensional (3D) histological structures. This can be especially beneficial in examining the appearance of new structures in the developing embryo. Previous work on 3D relationships has utilized serial reconstruction at the electron microscopic (EM) level (Yorde and Kalkhoff, 1986) or the light microscopic (LM) level (Packard et al., 1993) . The ultrastructural relationships can also be examined with high-voltage EM and stereo imaging (Yorde and Kalkhoff, 1986; Ris and Will, 1981) . Coflfocal laser scanning microscopy uses optical sections and digitized images to achieve a similar goal over tens of micrometers. These images are collected and can be processed for stereo viewing or presented in a collected form that provides extreme depth of focus.
Here we examine the appearance of myogenic cells in embryonic chick somites. The somite is the site of the earliest skeletal myogenesis in the developing chick embryo (Williams, 1910) . Somites are paired, segmental mesodermal structures that appear transiently along both sides of the neuraxis. A new pair of somites forms from the cranial end of the segmental plate mesenchyme every 90 min (Borman, 1993; Keynes and Stern, 1988) . Once formed, the na-Supported by NIH grant POlHD20743 and by Shared Instrument Grant s10-RRO6358.
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scent somite undergoes rapid diversification (Lash and Ostrovsky, 1986) . The ventromedial portion of each somite differentiates into the sclerotome, which eventually gives rise to the vertebral cartilage. The dorsolateral region in each somite gives rise to both the dermatome and the myotome. The dermatome provides cells for the dorsal connective tissue and dermis, whereas the myotome is the origin for all the dorsal and limb musculature.
Desmin is an intermediate filament protein found specifically in muscle cells. It is localized at the sarcomeric 2-line in striated muscle (Granger and Lazarides, 1979) and is also found in smooth muscle (Hubbard and Lazarides, 1979) . Desmin has been detected in somites before contractile protein muscle markers such as titin, actin, and myosin (Holtzer et al., 1991; Furst et al., 1989) . Both mononuclear (Urlakis and Yorde, 1988) and replicating chick myoblasts (Kaufman and Foster, 1988; Yablonka-Reuveni and Nameroff, 1986 ) contain desmin.
Recently, extensive work has been done to characterize the MyoD family of skeletal muscle-specific transcription factors. Members of this family, including MyoD (Davis et al., 1987) , myogenin (Wright et al., 1989 ), myf-5 (Braun et al., 1989 , and MRF4 (Rhodes and Konieczny, 1989) , are DNA-binding proteins known to initiate a myogenic program of development when transfected into a non-myogenic cell type (Sassoon, 1993) . Desmin is the first musclespecific protein expressed in converted dermal fibroblasts, chondroblasts, and retinal pigment epithelial cells (Holtzer et al., 1990) .
It is clear that desmin is expressed very early once a cell has been determined to a myogenic lineage. As a prerequisite for future experiments, we need to know the precise timing at which each so-265 mite in the developing embryo first contains myogenic cells. Previous studies have defined individual points of somite myogenesis based on the detected expression of a variety of muscle-specific markers (Piette et al., 1992; Pownall and Emerson, 1992; Ott et al., 1991; Kaehn et al., 1988) . Lacking from these reports is the resolution identlfying the temporal expression of a single muscle-specific marker in each somite.
We present here a very accurate description of the onset of somite myogenesis as evidenced by desmin immunoreactivity. By studying a broad range of developmental ages in great detail, we have observed that the initial rate of somite myogenesis down the length of the embryo does not parallel the rate at which somites are formed from the segmental plate. The implication for this difference in rates with regard to the regulation of somite myogenesis is discussed.
Materials and Methods
Fertile White Leghorn chick eggs were obtained from Sunnyside (Beaver Dam, WI) and incubated in a humidified incubator at 38'C for various lengths of time. Nine separate experimental groups, each containing a range of embryonic ages, were studied to ensure against any bias resulting from a developmental variation in a single incubation period. After incubation the embryos were removed to a petri dish containing PBS, pH 7.2, rinsed three times with fresh PBS, and then trimmed of all extraembryonic membranes. Embryonic age was determined by counting the number of formed somites at the time of fixation. This method effectively resolves each Hamburger and Hamilton (1951) stage into three subdivisions. The embryos were pooled and collectively fmed with 70% ethanol for 2 hr at room temperature. Subsequently, the embryos were rehydrated to PBS and nonspecific binding sites were blocked by an overnight incubation with 1% bovine serum albumin (BSA) in PBS. Primary antibody incubation was for 2 hr in undiluted hybridoma conditioned culture medium containing the desminspecific monoclonal antibody (MAb) D3 (Developmental Studies Hybridoma Bank; Danto and Fixhman, 1984) . Embryos were then washed with large volumes of PBS and blocked overnight a second time with 1% BSA-PBS.
Anti-desmin antibody was visualized with a goat anti-mouse (GAM) secondary antibody conjugated to fluorescein isothiocyanate (FITC) (ICN Biomedicals; Costa Mesa, CA). The embryos were incubated in the secondary antibody diluted 1500 in 1% BSA-PBS for 2 hr. After secondary antibody incubation, the embryos were again washed extensively with large volumes of PBS and mounted on slides using elevated covenlips and a mounting medium consisting of 19 1 M Tris-HC1 (pH 9) in glycerol containing 6.25 glliter N-propyl gallate to reduce photobleaching.
The mounted chick embryos were subsequently examined with a Bio-Rad (Cambridge, MA) MRC-600 laser scanning confocal microscope using its packaged operating system software. The confocal images presented here are single-image representations of cumulated serial optical sections covering various depths, as described in the figure legends.
Regression analysis and analysis of variance to compare two sets of data followed standard statistical protocols (Sokal and ROM, 1981) . Sequential evaluations determined the suitability of a linear fit to each data set. If the linearity was significant the slopes of the two regression lines were then compared. If the slopes were not significantly different the lines were considered parallel. Parallel lines were examined to determine whether they were identical. Significantly different intercepts indicated a separation between two parallel lines.
The following statistical abbreviations are used throughout the text. The calculated value for the described conditions having an underlying F distribution is designated as E: The two parameten for the F distribution are noted in the text. The calculated correlation coefficient is represented by r The probability calculated from the integral of the F disuibution is denoted as p.
Results
A total of 141 chick embryos were assessed for somite desmin expression in nine separate experimental groups. Visual inspection by confocal microscopy identified the most caudal somite positive for desmin expression in each case. Because desmin is an intermediate filament protein found in smooth and cardiac muscle and in skeletal muscle, there was antibody staining in the developing heart and in individual cells throughout the ventral mesoderm. Optical sections of the embryos were taken at various depths to be certain that the observed desmin staining could be attributed to the area of the somite containing the presumptive myotome. Three-dimensional reconstruction of the optical sections facilitated precise localization of the positively staining regions. In this manner we were able to identlfy the extent to which desmin-positive somite myo- genesis had progressed caudally in the embryo. Table 1 summarizes these results. Twenty-five embryos between 8 and 15 somites in age (HH Stages 9-12) were assayed, and none showed desmin immunoreactivity in any somite. A few desmin-positive cells were first seen in the heart of a 12-somite embryo (HH Stage 11). By the time the fifteenth somite formed, the heart was clearly positive whereas the first four somites were negative for desmin expression (Figure 1) .
The first appearance of somite desmin expression was in somites 1-4 of a 16-somite embryo (HH Stage 12). The desmin-positive cells in these somites were punctate in appearance and were located dorsomedially along the neural tube. In a 19-somite embryo (HH Stage 13), somite desmin expression was present in each of the first 8-9 somites to various degrees (Figure 2) . The most cranial somites contained elongated desmin-positive myoblasts filling the medial half of the myotome, whereas somites 8 and 9 contained relatively few dorsomedially located desmin-positive cells.
Embryos containing 22 somites (HH Stage 14) were typically positive for desmin down to somite 12 and displayed the same caudal diminution of desmin staining. By this stage the most cranial somites have matured to form complete myotomes. As shown in Figure 3 , mature myotomes have desmin-positive myotubes spanning the somite from its cranial edge to its caudal edge and populating the entire medio-lateral expanse of the somite.
As many as the first 21 somites of a 25-somite embryo (HH Stage 15) contained desmin-immunoreactive cells. The transition within a 25-segment embryo from the cranially located desmin-positive somites to the caudally located desmin-negative somites is illustrated in Figure 4 . In somites 20 and 21, the punctate desmin staining can be seen along the medial border of the somites adjacent to the neural tube. In the slightly more mature somites 18 and 19, desmin staining can be seen extending laterally along the cranial border of the somites. The myotome appearance at this point is triangular with the apex (myotome origin) at the craniodorsomedial corner of the somite. In somites 16 and 17, the myotome begins to take form as the cranially positioned myoblasts within these somites begin to elongate caudally.
Embryos of between 27 and 34 somites (HH Stages 16-18) consistently contained no desmin-positive cells in the caudalmost 3-6 somites, This observation is consistent in embryos of up to approximately 41 somites (HH Stage 20) in age, beyond which accurate staging by somite number is very difficult.
Despite the biological variation inherent in doing this kind of study, somite desmin expression progresses caudally in the embryo in a fairly linear fashion across the embryonic ages examined. somite myogenesis (U), we initially determined the regression line through all of the data points ( 0 ) in our study. This analysis provided a highly correlated (r = 0.976) line with a slope of 1.29 and an intercept of -15.74. Somites represented in the area to the right of this regression line are those that contain desminimmunoreactive cells, whereas the somites represented in the area to the left of this line do not contain any desmin-positive cells. The line for segmentation versus segmental age (U) is obviously a perfect correlation (slope = 1.00, intercept = 0.00). These two regression lines ( U vs 0) were compared using an analysis of variance protocol (Sokal and Rohlf, 1981) which demonstrates that the slopes are different (F1.178 = 73.12,p<<0.001 ). We conclude from this result that somite myogenesis is proceeding at a rate faster than segmentation.
An alternative series of regression lines, which may better describe the developmental processes depicted by these data, are illustrated in Figure 5B . A long lag is observed between segmentation and somite myogenesis during formation of the first 15 somites. Quickly thereafter, while somites 16-26 form, somite myogenesis progresses caudally in the embryo.at a fairly rapid rate. Finally, in embryos having 27 or more somites, there seems to be a relatively constant delay between somite formation and the first appearance of desmin. If one partitions the embryos into three age groups (0-15,  16-26, 27-41) and analyzes the data as before, the following results emerge. In the youngest embryos studied (8-15 somites in age) there was no detectable somite desmin staining. Both segmentation (U) and somite myogenesis (0) are perfectly correlated with no variation, and the lines are different. In embryos containing 16-26 somites, the regression line describing somite myogenesis (0) has a slope of 1.56, an intercept of -21.68, and r = 0.922. Analysis of variance indicates that the slopes ( U vs 0) are significantly different (F1.95 = 62.63,p<<0.001) , and therefore the lines are not the same. The regression line (slope = 1.08, intercept = -8.73) through the final partition of embryos (27-41 somites) is also highly significant (r = 0.893). Analysis of variance comparing this line (A) to the line representing segmentation ( U) indicates that the slopes are the same (4. 95 = 1.92, 0.1(6<0.25) . However, the lines are separated significantly by a vertical distance (4.95 = 234.8, p<<O.OOl). The best-fit line through this region parallels segmentation with a constant delay.
Discussion
The work presented here is a very thorough developmental study of somite desmin expression. We have specifically identified the extent to which somites are positive for desmin in precisely aged embryos. Our method of staging embryos by their number of formed somites increases the resolution obtained by a factor of three These three lines are all highly significant and more accurately represent what is occurring in the embryo with regard to somite myogenesis. over previous developmental studies using the classical Hamburger and Hamilton (1951) staging scheme. Confocal microscopic analysis of whole embryos circumvents the problems usually associated with serially sectioned specimens and allows desmin staining to be observed directly in situ. Kaehn et al. (1988) used desmin expression as a marker for study of the onset of myotome formation. Our findings here support their model of myotome formation. We have shown (Figure 4) that the first myogenic cells arise along the medial border of the somite adjacent to the neural tube. Shortly thereafter, myogenic cells are detected along the cranial edge of the somite. These cranially positioned myoblasts subsequently elongate caudally and comprise the myotome. Whereas these authors were examining intrasomite myotome formation, the focus in our study is on assessment of intraembryonic somite myogenesis.
Desmin is a very early muscle marker, but it may not be the earliest. The MyoD family of myogenic transcription factors are also expressed very early in muscle development. Although antibodies are not widely available to these myogenic regulatory factors, in situ hybridization studies have determined their temporal and spatial distribution within developing embryos. The sequence of expression for these myogenic regulatory factors does not appear to be constant across species. In mouse, myf5 mRNA is the first to be detected and is seen in somites shortly after they form from the segmental plate (Ott et al., 1991) . By contrast, in avian embryos the MyoD homologue, CMD in chick or qmfl in quail (Charles de la Brousse and Emerson, 1990) , is first detected in the caudal somites of Stage 12 embryos (Piette et al., 1992; Pownall and Emerson, 1992) . These reports indicate that the mRNA for a myogenic transcription factor is detectable slightly earlier than desmin protein. When antibodies to the myogenic transcription factors become more widely available, the relationship between desmin and these regulatory factors should become more clear. If these regulatory factors do initiate the myogenic program of development in vivo, they should be detected slightly earlier than the desmin we have detected here.
We have observed in this study that although somites appear to undergo the same developmental steps to achieve myogenesis, the rate at which each somite progresses through these steps is not constant. Somite 4 is formed in a Stage 8 chick embryo at about 30 hr of incubation. This somite does not contain any detectable desmin-positive cells until the sixteenth somite forms (Stage 12, about 18 hr later). In contrast, the twentieth somite forms in a Stage 13 embryo at about 54 hr of incubation. This somite will contain desmin-positive cells about 7 hr later when the twenty-fifth somite has formed (Stage 15). Clearly, there exists a lag between the moment a somite forms and the time when desmin can be detected. The important observation is that this lag period is not constant for all somites. The most cranial somites formed are present for 18-20 hr before they express detectable desmin. Altematively, somite 20 (and all subsequent somites formed) are without desminpositive cells for only about 6-7 hr.
It is reasonable to presume that once a mesenchymal cell leaves the cell cycle and enters a myogenic lineage, the cascade of events it must undergo to express early muscle-specific markers would be similar among all cells experiencing this process. Furthermore, if somite myogenesis is an intrasomitically controlled event, one might expect to see myogenic cells at constant intervals after somites have formed. Apparently, such is not the case in early somite myogenesis. Figure 5A demonstrates that the rate at which somites form is different from the rate at which somite myogenesis is detected. This observation suggests that somite myogenesis may be regulated by a signal(s) originating external to the somite. We feel that Figure  5B more accurately reflects the developmental events taking place and is the basis for the following model. In embryos with <16 somites, none of the somites have received the signal for the onset of desmin expression. In a 16-somite embryo only the most cranial somites (1-4) receive the signal and express desmin. As the embryo ages from 16 to 26 somites, this signal travels caudally in the embryo at a rate approximately 1.56 times faster than the rate at which somites are forming. In embryos of about 27 somites and older, the most caudal 5-6 somites may have already received the signal but require a minimal amount of time (about 7 hr) before they express detectable amounts of desmin.
These observations suggest to us that somite formation and early somite myogenesis are not rigidly linked events. Rather, we feel that a signal external to the somite plays a role in initiating somite myogenesis. The neuraxis has been suggested as a possible source for this signal (Christ et al., 1992; Rong et al., 1992; Kenny-Mobbs and Thorogood, 1987; Vivarelli and Cossu, 1986) . Demonstrating a positive role for the neuraxis in stimulating somite myogenesis has been tried repeatedly, but the results have not been conclusive. The study presented here provides a solid foundation as to which somites contain myogenic cells and which do not. This information is prerequisite to any further studies in which external tissue regulators of myogenesis are explored.
